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ABSTRACT

The effects of oxygen transmission rate of packaging material on the shelf life of
aquaponically-grown Finstar lettuce was studied. Parameters of packaging headspace gas
composition (oxygen and carbon dioxide concentrations) and lettuce pH, percentage
weight loss, total aerobic microorganisms, and color were analyzed every ten days for
sixty days. Finstar lettuce was stored at 4○C in four different types of packages
(treatments), including a clamshell package and three film bags with oxygen transmission
rates (OTR) of 3.0-6.0 cc/(m2/24 hr/1 atm), 80-90 cc/(m2/24 hr/1 atm), and >225
cc/(m2/24 hr/1 atm). Lettuce stored in clamshell packages (20.9-24.1% O2) or bags with
>225 OTR (11.8-23.3% O2) had higher levels of oxygen in the headspace than the 3.0-6.0
OTR (0.034-23.1% O2) or 80-90 OTR (0.7-23.3% O2) packages while carbon dioxide
levels in the headspace of both the 3.0-6.0 OTR (0-20.5% CO2) and 80-90 OTR (0-10.9%
CO2) packages were significantly higher than the clamshell packages (0-0.5% CO2) and
>225 OTR bags (0-3.9% CO2). The pH values of the clamshell packaged lettuce (6.006.82) were significantly lower than 3.0-6.0 OTR (6.34-7.37) and 80-90 OTR (6.40-6.95)
but not the >225 OTR (6.25-6.79) packaged lettuce. The percentage weight loss of the
3.0-6.0 OTR package (-0.76-1.05%) was significantly lowest while the percentage weight
loss of the clamshell package was significantly highest (0.81-7.72%). The packages with
lower carbon dioxide headspace percentages and higher oxygen headspace percentages
had lower pH values. Shelf-life ratings by a panel (1=eat as is, 2=trim then eat or
3=discard) of the 80-90 OTR packaged lettuce were significantly lower than the shelf-life
ratings of lettuce packaged in all the other treatments while shelf-life ratings of the >225
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OTR packaged lettuce were significantly higher than the lettuce packaged in all the other
packaging treatments. There were no differences in the color of lettuce (lightness,
greenness, yellowness) stored in the different packaging treatments. However, the hue
angles of lettuce packaged in the 80-90 OTR bags were significantly higher than the
lettuce packaged in the >225 OTR bags. There were no significant differences in numbers
of total aerobic microorganisms recovered from lettuce packaged in the different
treatments (CFU/g or log CFU/g). Finstar lettuce displayed a long shelf-life compared to
previous studies on other varieties of lettuce regardless of the package atmosphere. The
long shelf-life may be attributed to Finstar having resilient genetic properties along with
being greenhouse-grown which lessens the possibility of contamination compared to
field-grown lettuces.
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CHAPTER ONE
LITERATURE REVIEW

Introduction
Heightened popularity of leafy greens and salad packs has increased the need for
better packaging to prolong shelf life and reduce waste. Finstar is a hydroponically or
aquaponically-grown leaf lettuce developed from a cross between romaine and iceberg. It
was created by BASF Corporation in 2011-2012. To date, no other published studies on
Finstar lettuce have been found in English and of the available literature, most of the
research has focused on romaine and iceberg lettuces.
Produce Production and Consumption
According to the 2017 Census of Agriculture by the United States Department of
Agriculture (USDA), 4,365,149 acres of vegetables, 2,160,940 acres of non-citrus fruits,
and 824,983 acres of citrus fruits were harvested in 2017 (United States Department of
Agriculture, 2019). Although there are millions of acres of produce harvested, most
Americans do not consume as much produce as they should. The Centers for Disease
Control and Prevention (CDC) recommends adults eat at least 1½ to 2 cups per day of
fruits and 2 to 3 cups per day of vegetables. However, only 1 in 10 Americans meets
these recommendations (Centers for Disease Control and Prevention, 2017). Americans
have decreased their fruit and vegetable eating occasions by nearly 10% since 2004
which translates to at least one fruit/vegetable eating occasion per week (PBH, 2021).
This is a problem since a diet full of fruits and vegetables leads to better overall health
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and wellness as it can prevent high blood pressure and certain types of cancer, reduce the
risk of heart disease and stroke, and lead to many health benefits (The Nutrition Source,
2021).
Leafy Green Production and Consumption
Iceberg lettuce is the most widely grown lettuce in the United States, with
California growing the most, followed by Arizona and Florida (Parkell et al., 2015). A
study by the Produce for Better Health Foundation (2021) found lettuce/vegetable salads
to be the top vegetable consumed by frequency and volume in the United States. There
are many different blends of leafy greens commercially available, and varieties vary from
being light to dark color. In general, the darker greens are more nutrient dense, including
beta carotene, vitamin A, vitamin C, vitamin K, fiber, folate, magnesium, calcium, iron,
and potassium. Romaine lettuce has nine times more vitamin A than iceberg lettuce
(EatRight, 2021).
Color

The colors of leafy greens come from chlorophyll pigments within the
chloroplasts that reflect green and absorb all other wavelengths of light. They are
essential to photosynthesis as they absorb the light that is needed for carbon dioxide and
water to react to form oxygen and glucose. Chlorophylls are the most abundant pigments
in green plants and are closely related to types of plant stress and senescence (Xue et al.,
2009).
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Shelf Life

Depending on the species, the shelf life of leafy greens can vary from days to
weeks. The shelf-life is how long the greens remain edible. Head-forming lettuces
typically have longer shelf life (1-3 weeks) than leaf lettuces (1-2 weeks) due to the inner
leaves being protected by outer leaves. When leafy greens reach the end of their shelf
life, they commonly produce off-odors, off-flavors, and off-colors such as browning or
pinking. Color is a fundamental property of food products and plays a major role in
quality evaluation and consumer decisions (Xue et al., 2009). Other factors that lead to
quality loss and shorten shelf-life are wilting, transpiration, respiration rate, and ethylene
gas.
Browning and Pinking
Enzymatic browning is the oxidation of phenolic compounds catalyzed by the
enzyme polyphenol oxidase (PPO) that results in brown pigments (Araji, 2014). Cutting,
peeling, and bruising increase the likelihood of enzymatic browning due to cellular
damage leaking cell contents and exposing the enzyme to oxygen. Browning is one of the
major causes of quality loss in fresh-cut lettuce (Martinez-Sanchez et. al, 2010). This
reaction is considered very important in the lettuce industry because it is easily detected
by consumers and has consequences on marketing (Degl’Innocenti et al., 2007).
Consumer acceptance is also impacted by pinking, the development of pink
discolorations of the mid-ribs of whole and fresh-cut lettuce (Saltveit, 2018).
Concentration of 𝜊-diphenols in can accumulate when lettuce is stressed or wounded,
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PPO can then convert 𝜊-diphenols into reactive 𝜊-quinones leading to pink off-colors
(Saltveit, 2018).
Martinez-Sanchez et al. (2010) investigated the effects of oxygen partial pressures
and light exposure on the shelf life of fresh-cut romaine lettuce. The results showed that
Intermediate oxygen partial pressures (pO2) were critical in avoiding the development of
browning. Under light exposure conditions, a higher pO2 resulted due to respiration
activity being compensated by photosynthesis. An increase in pO 2 reduced post-cutting
shelf life because of leaf edge browning. The study also reported at day 8 of storage,
samples that were exposed to light at the front of the shelves showed significantly higher
leaf edge browning compared to those in the darkness of the back of the shelves. Tissue
discoloration could also be reduced by increasing the antioxidant capacity of the lettuce
(Saltveit, 2018).
Wilting and Transpiration
Wilting is the drooping or limpness of fresh produce that occurs in leaves due to a
lack of moisture, exposure to heat, or disease. Moisture loss of lettuce during storage
leads to weight loss and shrinkage (Aguero et al., 2011).
Water loss occurs naturally through transpiration, a release of moisture through
leaves and is one of the main contributors to the deterioration of lettuce (Soltani Firouz et
al., 2021). Transpiration may be minimized when produce is kept in low temperatures
and high relative humidity (Soltani Firouz et al., 2021). MAP has shown to maintain the
quality of postharvest whole lettuce by reducing transpiration, protecting mitochondrial
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structure and turgor pressure, and reducing enzymatic and microorganism activities
(Soltani Firoz et al., 2021).
Respiration Rate
Cellular respiration is the process by which glucose and oxygen react to produce
carbon dioxide, water, and energy. This reaction not only occurs in plants while they are
growing but also after they are harvested and while they are packaged. Understanding the
respiration rate (RR) of a product can aid in the decision of an optimum package choice.
Permeabilities of films are important in generating a steady atmosphere within the
package. The respiration rate of packaged lettuce has been shown to be affected by
temperature (Deza-Durand et al., 2011; Oliveira et al., 2010; Tudela et al, 2013) and light
conditions (Martínez-Sánchez et al., 2010).
Ethylene Gas
Ethylene is a phytohormone that influences the growth and senescence of plants.
Different types of produce emit various levels of ethylene gas. Most fruits and vegetables
are classified as ethylene producing or ethylene sensitive. Lettuce is considered ethylene
sensitive, so when exposed to ethylene gas, brown spots and discoloration may occur due
to expedited senescence. Ethylene-removing packaging (ERP) includes compounds that
can reduce ethylene concentration which can potentially increase produce shelf life
(Awalgaonkar et al., 2020).
Food Waste and Food Loss
The U.S. Environmental Protection Agency (EPA) defines food waste as plate
waste, spoiled food, or peels and rinds considered inedible that are sent to feed animals,
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to be composted or anaerobically digested, or to be landfilled or combusted with energy
recovery. The EPA defines food loss as unused product from the agricultural sector, such
as unharvested crops. According to the USDA, 30-40% of all available food in the U.S.
goes uneaten through waste or loss. About 6 billion pounds of edible produce never
makes it to consumers’ kitchens because they are not up to retailers’ cosmetic standards
(Xu et al., 2021). Spoilage of produce before the consumer has time to eat it is a large
contributor to food waste. Foods such as lettuce that are minimally processed have
limited shelf lives due to respiration, transpiration, and enzymatic activity (Del Nobile et
al., 2005). Of the available literature, the majority of lettuce shelf-life studies last for a
maximum of 10 or 20 days. Finstar lettuce has shown to exhibit above average shelf-life
qualities which is why the duration of 60 days was chosen for this study. Varieties like
Finstar may have a role in decreasing food waste due to its ability to stay fresh for
extended periods of time. This research into the optimum packaging system for Finstar
lettuce may also reduce food waste by extending the shelf life of Finstar lettuce even
further.
Lettuce Production Methods
Lettuce is one of the most popular hydroponically grown vegetables. Hydroponic
production is a method of growing crops without soil. The nutritional needs of the crops
are provided from irrigation water. Well or country water is almost always used for
hydroponic lettuce production because it has less risk of diseases than surface water
(Kaiser and Ernst, 2016). Greenhouses can provide the adequate heating and cooling
methods necessary for hydroponic vegetable production. Daytime temperature should
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range from 68-75ºF while nighttime temperature should range from 60-65ºF (Currey,
2018). Methods of hydroponic production can be open or closed; the nutrient solution in
an open system is discarded after each irrigation cycle while the nutrient solution in a
closed system is recovered and recycled through the system after it’s been monitored for
nutrient depletion and sterilization (Kaiser and Ernst, 2016). Sterilization is critical to
protect hydroponically grown lettuce from pests and diseases such as aphids, whiteflies,
water molds, powdery mildew, Botrytis, Pythium (Kaiser and Ernst, 2016; Currey, 2018).
There are different methods of hydroponic production; the two most common for lettuce
being the nutrient film technique (NFT) and floating raft method. The NFT consists of
plants being placed through holes in a plastic pipe or channel that’s placed on a slight
decline of 1-3%. The nutrient solution flows through the channel over the roots at a
recommended flow rate of 0.26-0.53 gallons per minute (Kaiser and Ernst, 2016). The
floating raft method consists of a sheet of extruded polystyrene foam (i.e., Styrofoam™)
that floats on top of the nutrient solution with holes for the roots to reach the solution.
Another method is the vertical tower method which consists of an upright pole that has
polystyrene or plastic pots stacked on each other or aeroponic towers fabricated from
plastic with growing compartments (Parkell et al., 2015). All these methods are typically
closed systems. While iceberg is the most commonly field-grown lettuce in the U.S., it is
not as popular in the greenhouse systems. Butterhead and loose-leaf are the most
common hydroponically grown lettuces with romaine in the third most common place
(Currey, 2018). Head-forming lettuces are harvested when the head starts to form, and the
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plants have reached a specified size, while non-heading lettuces are harvested as loose
leaves and can be combined with other types of lettuce in a mix (Currey, 2018).
Aquaponics is the combination of hydroponics and aquaculture (aquatic animal
farming) to produce plant and animal products. Within an aquaponic system, bacteria
convert the waste from the aquatic animals into nutrients which are used by the plants,
thereby improving water quality for the aquatic animals (Love et al., 2014). Aquaponics
is a form of sustainable agriculture due to its resource efficiency, few environmental
impacts, and ability to produce healthy foods (Love et al., 2014; Pattillo et al., 2022).
Aquaponic systems can be coupled or decoupled. In coupled systems, the water is
recirculated between the fish and the plants, while in a decoupled system, the water flows
only from the fish to the plants (Pattillo et al., 2022). In a survey of aquaponic production
practices done by Pattillo et al. (2022), the most commonly used aquatic animal by far
was tilapia, followed by ornamental fish such as koi and goldfish. The top aquaponicallygrown crops in the survey were lettuce, leafy greens, and basil (Pattillo et al., 2022).
A study comparing the agricultural and management practices and bacterial
contamination in greenhouse versus open field lettuce production found lettuce grown
through open field production was more prone to fecal contamination due to significantly
higher levels of E. coli in both lettuce samples and irrigation water (Holvoet et al., 2014).
Animals, insects, soil, water, equipment, and human handling are possible sources of
contamination (Holvoet et al., 2014). Greenhouse lettuce production is thought to have
less possibility for contamination than open field lettuce production due to being
protected from the outside environment (Holvoet et al., 2014).
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Packaging Methods
In packaging lettuce, many important factors should be considered. The type of
film or plastic, permeability, atmosphere, and storage all play a role. Modified
Atmosphere Packaging (MAP) is effective in extending the shelf life of lettuce by
balancing the oxygen and carbon dioxide concentrations of the package. In a study by
Kim et al. (2005), the effect and correlation of initial O2 flushing and package oxygen
transmission rate (OTR) on quality maintenance of packaged fresh-cut romaine lettuce
was investigated. The results showed film OTR and O2 flushing during packaging
affected the fermentative volatile production, off-odor development, electrolyte leakage,
discoloration, CO2 injury, and the overall quality of the romaine lettuce samples. If film
permeability is not matched to the lettuce respiration rate, O2 may become depleted,
which can lead to anaerobic respiration, causing formative volatile accumulation and offodors. On the other hand, too much O2 can increase oxidative browning and senescence.
Discoloration had the greatest effect on the overall quality and was best controlled by
packaging samples with 8.0 OTR (pmol s-1 m-2 Pa-1) film and flushing with ≥2.5 kPa. A
study by Lakul et. al (1999) found the effects of factors such as temperature on O2 and
partial pressure could be predicted, which decreases the need for numerous packaging
tests. In a study by Del Nobile et al. (2005), the quality of fresh iceberg and romaine
lettuce in three different films over time was studied through the analysis of headspace
composition, permeability, and color. Two polyolefinic films were used, PF1 and PF2,
and one film that was a mixture of biodegradable polymers, BF. The results showed the
polyolefinic films had similar gas barrier properties to the biodegradable film. For both
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romaine and iceberg samples, the lowest senescence levels were observed in the PF1
packages; PF2 and BF showed similar behavior. However, no substantial color
differences were observed between the three films. In a study by Oliveira et al. (2010),
shredded romaine lettuce was exposed to three different types of foodborne pathogens, E.
coli O157:H7, Salmonella Michigan, and Listeria monocytogenes, before they were
packaged. Half the packages were stored at 5ºC for 10 days and the other half stored at 25
ºC for 3 days. The atmosphere within the packages at 25 ºC was modified more rapidly
than those at 5 ºC which indicates the importance of temperature in determining the
respiration rates of lettuce. Kang et al. (2007) investigated the possibility of improving
the quality of iceberg lettuce using an antimicrobial film, BN/PE, which is made by
mixing antimicrobial material (Bactecide N: BN) with polyethylene (PE). The results
showed the BN/PE film extended the shelf life of iceberg lettuce while the quality of the
iceberg lettuce decreased much more rapidly when packaged in three other films:
oriented polypropylene (OPP), polyethylene terephthalate (PET), and PE. Iceberg lettuce
packaged in OPP and PE films showed high rates of respiration.
Objective
The aim of this study is to investigate the effects of oxygen transmission rate on
the shelf life of aquaponically-grown Finstar lettuce. Quality parameters include
percentage weight loss, headspace gas composition (oxygen and carbon dioxide
concentrations), color, pH, the enumeration of total aerobic microorganisms. The lack of
research on Finstar lettuce provides an exciting opportunity for new findings.
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CHAPTER TWO
SHELF LIFE OF AQUAPONICALLY-GROWN FINSTAR LETTUCE IN DIFFERENT
OXYGEN TRANSMISSION RATE FILMS

Abstract

The effects of oxygen transmission rate of packaging material on the shelf life of
aquaponically-grown Finstar lettuce was studied. Parameters of packaging headspace gas
composition (oxygen and carbon dioxide concentrations) and lettuce pH, percentage
weight loss, total aerobic microorganisms, and color were analyzed every ten days for
sixty days. Finstar lettuce was stored at 4○C in four different types of packages
(treatments), including a clamshell package and three film bags with oxygen transmission
rates (OTR) of 3.0-6.0 cc/(m2/24 hr/1 atm), 80-90 cc/(m2/24 hr/1 atm), and >225
cc/(m2/24 hr/1 atm). Lettuce stored in clamshell packages (20.9-24.1% O2) or bags with
>225 OTR (11.8-23.3% O2) had higher levels of oxygen in the headspace than the 3.0-6.0
OTR (0.034-23.1% O2) or 80-90 OTR (0.7-23.3% O2) packages while carbon dioxide
levels in the headspace of both the 3.0-6.0 OTR (0-20.5% CO2) and 80-90 OTR (0-10.9%
CO2) packages were significantly higher than the clamshell packages (0-0.5% CO2) and
>225 OTR bags (0-3.9% CO2). The pH values of the clamshell packaged lettuce (6.006.82) were significantly lower than 3.0-6.0 OTR (6.34-7.37) and 80-90 OTR (6.40-6.95)
but not the >225 OTR (6.25-6.79) packaged lettuce. The percentage weight loss of the
3.0-6.0 OTR package (-0.76-1.05%) was significantly lowest while the percentage weight
loss of the clamshell package was significantly highest (0.81-7.72%). The packages with
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lower carbon dioxide headspace percentages and higher oxygen headspace percentages
had lower pH values. Shelf-life ratings by a panel (1=eat as is, 2=trim then eat or
3=discard) of the 80-90 OTR packaged lettuce were significantly lower than the shelf-life
ratings of lettuce packaged in all the other treatments while shelf-life ratings of the >225
OTR packaged lettuce were significantly higher than the lettuce packaged in all the other
packaging treatments. There were no differences in the color of lettuce (lightness,
greenness, yellowness) stored in the different packaging treatments. However, the hue
angles of lettuce packaged in the 80-90 OTR bags were significantly higher than the
lettuce packaged in the >225 OTR bags. There were no significant differences in numbers
of total aerobic microorganisms recovered from lettuce packaged in the different
treatments (CFU/g or log CFU/g). Finstar lettuce displayed a long shelf-life compared to
previous studies on other varieties of lettuce regardless of the package atmosphere. The
long shelf-life may be attributed to Finstar having resilient genetic properties along with
being greenhouse-grown which lessens the possibility of contamination compared to
field-grown lettuces.
Introduction

Minimally processed fresh produce, such as lettuce, has a limited shelf-life
because if continues to respire, transpire, and have enzymatic activity even after harvest
(Del Nobile et al., 2005). According to the United States Department of Agriculture, 3040% of all available food in the U.S. goes uneaten through waste or loss (United States
Department of Agriculture, 2021). Creating better food packaging systems can aid in
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reducing food waste. Modified atmosphere packaging (MAP) has been shown to affect
lettuce shelf life by manipulating the gas concentrations in a package and thereby
influencing the rate of respiration (Del Nobile et al., 2006; Escalona et al. 2006; Guo et
al., 2019; Kim et al, 2005; Martínez-Sánchez et al., 2010; McDonald et al., 1990; Olivera
et al., 2010; Peng et al., 2020; Soltani Firouz et al., 2021). Cellular respiration is the
process by which glucose and oxygen react to produce carbon dioxide, water, and energy.
Understanding the cellular respiration rate of a product can be beneficial in choosing a
packaging system.
Another factor that influences product shelf-life is storage temperature.
Atmospheres within packages have been shown to be modified more rapidly at higher
temperatures (Oliveira et al., 2010) and high temperatures have led to heavy aggravation
of salad deterioration (Peng et al., 2020). MAP and low temperatures along with high
relative humidity may also reduce the rates of transpiration, which is the release of water
through leaves (Soltani Firouz et al., 2021). A lack of moisture in leaves can lead to
weight loss and shrinkage (Aguero et al., 2011). Browning is one of the major causes of
quality loss in fresh-cut lettuce (Martinez-Sanchez et. al, 2010). Enzymatic browning is
the oxidation of phenolic compounds catalyzed by the enzyme polyphenol oxidase (PPO)
that results in brown pigments (Araji, 2014). Cutting, peeling, and bruising are common
causes of enzymatic browning due to cellular damage allowing enzymes to come in
contact with oxygen and substrates. Enzymatic activity can lead to pink discolorations of
lettuce as well.
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The Finstar lettuce in this study was harvested and packaged as heads and only
cut away from the roots. However, it can also be harvested as loose leaves. Head-forming
lettuces typically have longer shelf lives than leaf lettuces likely due to the decreased
exposure to oxygen. The outer leaves of the head browned fastest. Browning is
considered very important in the lettuce industry due to is being easily detected by
consumers and having consequences on marketing (Degl’Innocenti et al., 2007).
Created by BASF, Finstar is a hydroponically or aquaponically-grown lettuce
developed by a cross between romaine and iceberg lettuces. Lettuce is one of the most
common vegetables grown in hydroponic and aquaponic systems. Aquaponic systems are
beneficial to both fish and plants because bacteria convert fish waste into nutrients which
are used by the plants, thereby improving water quality for the fish (Love et al., 2014). In
a coupled aquaponic system, the water is recirculated between the fish and the plants,
while in a decoupled system, the water flows only from the fish to the plants (Pattillo et
al., 2022). In the coupled aquaponic system used for this study, the flow rate to the fish
was approximately 10 gallons/minute while the flow rate to the lettuce was
approximately 0.2-0.4 gallons/minute.
The aim of this study is to investigate the effects of oxygen transmission rate on
the shelf life of aquaponically-grown Finstar lettuce. Quality parameters include
percentage weight loss, headspace gas composition (oxygen and carbon dioxide
concentrations), color, pH, the enumeration of total aerobic microorganisms. The lack of
research on Finstar lettuce provides an exciting opportunity for new findings.
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Materials and Methods
Aquaponic System
Finstar lettuce seeds from BASF were grown in an aquaponic system in a traditional
greenhouse (68-72 °F with ambient light) that is maintained and operated by Clemson
University Cooperative Extension Service (Dr. Lance Beecher) in Pendleton, SC. Heads
of finstar lettuce were harvested after 7-8 weeks, trimmed of any dried leaves, and
transported to the laboratory immediately for packaging.
The aquaponic unit consisted of a fish tank, filtration system, and deep well
floating raft system. Water was circulated throughout the system by entering the sump,
being pumped through the filtration system for nitrification to take place, and then sent to
the fish tank and plant growing system. The flow rate to the fish was approximately 10
gallons/minute while the flow rate to the lettuce was approximately 0.2-0.4
gallons/minute. The temperature of the system fluctuated between 72-76F. The fish were
Nile Tilapia (Oreochromis niloticus) aging from 1-2 years old. The same fish were used
throughout the duration of the study.
Packaging and Storing Procedures
Unwashed lettuce was packaged in four different packaging treatments, which
included: a plastic clamshell Z-TUG-LR7 (Plastic Container City, Petersburg, VA) or
film bags supplied by CRYOVAC Division of Sealed Air Corporation (Charlotte, NC).
The three different film bags were 1) a barrier bag for bone-in beef and pork with an
oxygen transmission rate (OTR) of 3.0-6.0 cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH and
a water vapor transmission rate (MVTR) of 0.4-0.5 g/(100in2/24hr/1atm) @100○F/38○C;
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100%RH; 2) a barrier bag for gassing cheeses with an OTR of 80-90 cc/(m2/24 hr/1 atm)
@40○F/5○C; 0% RH and MVTR of 0.3-1.0 g/(100in2/24hr/1atm) @100○F/38○C; and 3) a
non-barrier bag used for produce with an OTR of >225 cc/(m2/24 hr/1 atm) @40○F/5○C;
0% RH and MVTR of 0.6-0.8 g/(100in2/24hr/1atm) @100○F/38○C. Each package
contained one head of lettuce.
Seven packages of each of the four packaging systems were prepared during each
of three replications. Bags containing one head of lettuce each with a double impulse
sealer (American International Electric Inc.). The packages were stored in refrigerators at
4○C and evaluated after 0, 10, 20, 30, 40, 50, and 60 days. On each testing day, one
package of each system was removed from refrigerated storage for analysis.
Headspace Gas Composition
Oxygen (O2) and carbon dioxide (CO2) percentages of packages containing
lettuce were measured with a GS6600 O2 & CO2 Headspace Analyzer (Systech Illinois).
One of each package was filled with air and no lettuce as a control. On each testing day,
the packages containing and not containing lettuce were tested for headspace gas
composition prior to being opened for any other analyses.
Weight Analysis
The heads of lettuce were weighed on day 0 after being packaged. On each testing
day, all the remaining packages not previously used for other analyses were weighed to
analyze percent weight loss.
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Microbial Analysis
20 grams of lettuce were mixed with 180 ml of 0.1% sterile peptone and
stomached for 90 seconds at 230 RPM in a stomacher lab system filter bag (Seward) in a
Stomacher 400 Circulator (Seward), and rinse solution was used to make three serial
dilutions for enumeration of total aerobic microorganisms. One ml of the serial dilutions
was sterilely pipetted onto petrifilm (3M Corporation, Saint Paul, MN). The Aerobic
Count Petrifilms were incubated for 24 hours at 37C and then petrifilms with 20-250
cells were counted and numbers converted to colony forming units (CFU) and log CFU.
The 0.1% sterile peptone solution was prepared by combining 1g of peptone with
1L of distilled water, stirring the solution until dissolved, and autoclaving it at 121○C for
20 minutes.
pH Analysis
An Accumet Model 10 pH Meter (Fisher Scientific) was used to analyze the pH
of the samples. Two probes were used to take measurements and the values were
averaged. The same rinse solution from microbiological analysis was used for pH
measurements.
Pictures
Digicam Control software was used to capture the pictures with a Nikon D3400
camera. Pictures were taken of the top and bottom of each head of lettuce on day 0 prior
to packaging and again on each testing day (Appendix 1).
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Color Analysis
L*, a*, and b* values were generated from the pictures of the Finstar lettuce using
MATLAB Software. Total color difference, chroma, and hue were calculated from the
L*, a*, and b* values as
∆E = √(𝐿 − 𝐿0)2 + (𝑎 − 𝑎0)2 + (𝑏 − 𝑏0)2
where L0, a0, and b0 are the day 0 are the values taken on day 0
Chroma = √𝑎2 + 𝑏2
𝑏

Hue = 180 + tan−1(𝑎)
Statistical Analysis
The experiment was replicated three times on different days with different crops
of Finstar lettuce. The data was subjected to analysis of variance (ANOVA) using SAS.
Tukey’s Studentized Range Honestly Significant Difference (HSD) test was used to
determine if data was significantly different (p≤0.5).
Results and Discussion
The significant effects of oxygen transmission rate on package gas composition,
pH, percent weight loss, L*, a*, b*, hue, chroma, and ∆E values are presented in Table 1.
Table 1: Overall effect of package type (OTR) on package gas composition, pH, weight loss, L*, a*, b*,
hue, chroma and ∆E of Finstar lettuce stored under refrigeration for 60 days.

treatment O2

clamshell
>225
80-90
3.0-6.0

CO2

(%)

(%)

22.65a
18.96b
12.77c
10.75c

0.17c
1.41c
6.46b
10.15a

pH

6.43b
6.56a
6.67a
6.66a

weight
loss
(%)
3.52a
2.40b
1.82b
0.09c

L*

a*

b*

hue angle
(°)

chroma

∆E

50.65
52.14
51.46
51.44

-17.81
-17.86
-18.91
-18.58

40.21
42.10
42.01
41.78

178.84c
178.83b
178.85b
178.85a

44.02
45.80
46.10
45.77

7.53
5.35
4.82
4.41

Means with different superscripts are significantly different (P≤0.05). n=21.
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shelflife
rating
1.73b
1.92a
1.55c
1.73b

Headspace Gas Composition Analysis
Oxygen (O2) comprises approximately 21% oxygen of Earth’s atmosphere while
carbon dioxide (CO2) comprises 0.04%. Modifying a package’s atmosphere has been
shown to affect the shelf life of lettuce (Del Nobile et al., 2006; Escalona et al. 2006; Guo
et al., 2019; Kim et al, 2005; Martínez-Sánchez et al., 2010; McDonald et al., 1990;
Olivera et al., 2010; Soltani Firouz et al., 2021). Respiration rates can be reduced in low
O2 and elevated CO2 atmospheres (Del Nobile et al., 2006). In a study on the changes in
respiration of fresh-cut butterhead lettuce, the lettuce packaged in low O2 and moderate to
high CO2 atmospheres had higher respiration rates compared to lettuce packaged in high
O2 and moderate CO2 atmospheres (Escalona et al., 2006). The increased respiration rates
in high CO2 atmospheres could be attributed to the high CO2 levels causing physiological
stress compared to air atmosphere (Escalona et al., 2006). Excessive CO2 levels along
with O2 depletion can be injurious (Kim et al., 2005). A study analyzing the effects on
quality maintenance and shelf life of fresh-cut romaine lettuce due to delayed modified
atmosphere packaging found that strong off odors, accumulated ethanol and
acetaldehyde, and CO2 injury due to package atmospheres being low in O2 and high in
CO2 could be reduced by delayed packaging (Kim et al., 2005). Discoloration and offflavors were detected when the atmospheres of ‘Salinas’ crisp head lettuce packages had
CO2 percentages above 20% (McDonald et al., 1990). Air leakage due to poor seals of
‘Salinas’ crisp head lettuce packages led to browning and discoloration likely due to
elevated O2 levels (McDonald et al., 1990). In a study on the effects of low oxygen levels
and light exposure on fresh-cut romaine lettuce, atmospheres with low O2 partial
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pressures (pO2) had a positive effect on shelf life due to controlling browning and
preventing off-odors and off-flavors (Martínez-Sánchez et al., 2010). Overall, according
to the literature, too much O2 or too much CO2 can both have negative effects on the shelf
life of lettuce.
As a control, one of each package per each replication was filled with air instead
of lettuce and stored in the same refrigerator as the lettuce packages. The empty packages
were tested for O2 and CO2 on each testing day prior to the lettuce-containing packages
with the same a GS6600 O2 & CO2 Headspace Analyzer (Systech Illinois). Table A-2.1
shows the mean O2 and CO2 percentages and standard deviations of the empty packaging
treatments. There were no significant differences between both the mean O 2 and CO2
percentages of the different empty packaging treatments. Day 40 mean CO2 percentages
were significantly higher than all the other testing days and it was the only day to have
mean CO2 percentages over 0. Days 20 and 40 had significantly higher and day 50 had
significantly lower mean O2 percentages than the rest of the days.
For the packages containing Finstar lettuce over the sixty days of refrigerated
storage, O2 percentages ranged from 0.034%-24.1% while carbon dioxide percentages
ranged from 0%-20.5%. The mean O2 percentages of the clamshell and >225 OTR
packages were higher than the 3.0-6.0 OTR and 80-90 OTR packages (Figure 1). The
mean oxygen percentages of the clamshell packages were significantly higher than all the
film packages (Figure 1). The mean O2 percentages of the >225 OTR packages were
significantly higher than the other two film packages (Figure 1).
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The mean carbon dioxide percentages of the clamshell and >225 OTR packages
were lower than the 3.0-6.0 OTR and 80-90 OTR packages with the clamshell barely
having any CO2 throughout the study (Figure 2). The mean CO2 percentages of the 3.06.0 OTR packages were significantly higher than the other packaging treatments (Figure
2). The mean CO2 percentages of the 80-90 OTR packages were significantly higher than
the clamshell and >225 OTR packages (Figure 2).
The atmospheres of the 3.0-6.0 and 80-90 OTR packages changed more over the
60-day duration than the clamshell and >225 OTR packages. When the means of all the
packaging treatments from each testing day were averaged together, the mean day 0 O2
percentage was significantly higher than days 20-60. The mean day 50 and 60 O2
percentages were significantly lower than days 0-40. The mean day 0 CO2 percentage
was significantly lower than days 10-60.
Packages that had higher oxygen percentages had lower carbon dioxide
percentages (Figure 1, Figure 2). In a study investigating the respiration rate of iceberg
lettuce, a decrease in the percent oxygen concentration and an increase in the percent
carbon dioxide concentration were shown in all three films (two were polyolefinic and
one was a biodegradable) over ten days (Del Nobile et al., 2005). Atmospheres of
packaged shredded romaine lettuce showed to be modified more rapidly at 25C than 5C
(Oliveira eta al., 2010). Figures 1 and 2 show the effect of oxygen transmission rate on
the mean oxygen and carbon dioxide percentages over the duration of the study.
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Figure 1: Effect of package oxygen transmission rate on oxygen headspace composition of Finstar lettuce
packages over storage time (days). The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=3
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Figure 2: Effect of package oxygen transmission rate on carbon dioxide headspace composition of Finstar
lettuce packages over storage time (days). The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0%
RH. n=3

pH Analysis
Throughout the sixty days of refrigerated storage, pH values ranged from 6.007.37 and generally increased from day 0 to day 10, decreased till day 30, increased till
day 50, and then decreased again at day 60. The pH values of the clamshell packages
were significantly lower than the 3.0-6.0 OTR and 80-90 OTR packages but not the >225

25

OTR packages (Figure 3). Figure 3 shows the effect of oxygen transmission rate on the
pH of Finstar lettuce over storage time.
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Figure 3: Effect of oxygen transmission rate on the pH of Finstar lettuce over storage time (days). The OTR
are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=3

In a study done on the effects of packaging type and storage temperature on the
growth of foodborne pathogens on shredded Romaine lettuce, there were no significant
effects of modified atmosphere on pH; the pH values ranged from 6.0-6.6 at 25C and
6.3-6.5 at 5C (Oliveira et al., 2010). Lower growth temperatures along with lower pH
values lead to decreased growth rates of S. Enteritidis on hydroponic lettuce (Xylia et al.,
2022). Increasing pH values were shown to increase the radical scavenging effects of
lettuce extract (Altunkaya et al., 2016).
The packages with the higher carbon dioxide percentages and lower oxygen
percentages had higher pH values (Figure 1, Figure 2, Figure 3). Reduction in respiration
rate of lettuce by moderate CO2 levels can be attributed to intracellular pH change

26

(Escalona et al., 2006). pH variations may influence enzymatic activity or respiratory
pathways (Escalona et al., 2006).
Percent Weight Loss Analysis
The percent weight loss of the clamshell packaged lettuce was significantly
higher than other treatments (Figure 4). The percent weight loss of the 3.0-6.0 OTR
packaged lettuce was significantly lower than the other treatments (Figure 4). When the
means of all the packaging treatments from each testing day were averaged together, the
mean day 30, 50, and 60 percent weight loss was significantly higher than days 0, 10, 20,
and 40. Mean day 0 and 10 percent weight loss was significantly lower than days 30-60.
Figure 4 shows the effect of oxygen transmission rate on the percent weight loss of
Finstar lettuce over the duration of the study.
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Figure 4: Effect of package oxygen transmission rate on percentage weight loss of Finstar lettuce packages
over storage time (days). The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=3

The 3.0-6.0 OTR packaged lettuce having the lowest percent weight loss was
likely due to it having the highest CO2 headspace compositions and lowest O2 headspace
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compositions since this would tend to slow the rates of respiration (Figure 1, Figure 2).
The clamshell package having a significantly higher percentage weight loss was likely
due to moisture escaping through the small opening between the top and bottom of the
clamshell creating a high respiration rate due to high O2 and low CO2 headspace gas
compositions. Elevated levels of respiration can lead to increased weight loss due to
transpiration. In a study of the effects of modified atmosphere packaging on the quality of
whole lettuce (Lactuca sativa L. Grand Rapid), the percentage weight loss by the sixth
day of storage was 7.3% for the control and 4.2% for the MAP-treated package (Guo et
al., 2019). It is worth noting the heads of Finstar lettuce were weighed while still in their
packages which included some water respired or transpired from the lettuce. Percentage
weight loss values would likely be higher if lettuce is weighed outside of the package.
Microbial Analysis
The CFU/g of lettuce ranged from 0-468,000. However, 468,000 is
significantly higher than the other values, the mean of all CFU/g values was 9803. There
were no significant differences between the CFU/g values or the logCFU/g values from
the packaging systems which shows oxygen transmission rate did not affect enumeration
of total aerobic microorganisms (Table A-3.1, Figure 5). Table A-3.1 shows the mean
CFU/g and log CFU/g values and standard deviations. Figure 5 shows the effect of
oxygen transmission rate on the log CFU per gram of lettuce over the duration of the
study.
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Figure 5: Effect of package oxygen transmission rate on log CFU/g of Finstar lettuce packages over storage
time (days). The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=6

Color Analysis
L* measures lightness with a reading of 0=black and 100=white. a* is the
redness-greenness parameter, the more negative a value, the greener the reading. b* is the
yellowness-blueness parameter, the higher the value, the yellower the reading. There
were no significant differences between the L*, a*, and b* values taken from the Finstar
lettuce from the different packaging treatments (Table 2). No significant color variation
between films was found in a study done on romaine and iceberg lettuces (Del Nobile et
al., 2005). Dielectric barrier discharge atmospheric cold plasma (DACP) treatment on the
inactivation of Escherichia coli O157:H7 and aerobic microorganisms in romaine lettuce
did not affect L, a, b values or total color difference. (Min et al., 2016) The L*, a*, and
C* (color saturation) values of romaine lettuce decreased with elevated NaCl
concentrations in irrigation water (Kim et al., 2008).
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Table 2 shows the L* a* and b* values generated from the pictures of the
Finstar lettuce using MATLAB Software and the calculated chroma, hue, and ∆E values.
Table 2: Mean L, a*, b*, chroma, hue, and ∆E values of Finstar lettuce and standard deviations of Finstar
lettuce. The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=6
Treatment day L
a
b
chroma
hue ()
∆E
clamshell

0

53.55 (5.12)

-20.70 (1.51)

44.07 (2.05)

48.70 (2.12)

178.87 (0.03)

0 (0)

3.0-6.0

0

53.55 (5.12)

-20.70 (1.51)

44.07 (2.05)

48.70 (2.12)

178.87 (0.03)

0 (0)

80-90

0

53.55 (5.12)

-20.70 (1.51)

44.07 (2.05)

48.70 (2.12)

178.87 (0.03)

0 (0)

>225

0

53.55 (5.12)

-20.70 (1.51)

44.07 (2.05)

48.70 (2.12)

178.87 (0.03)

0 (0)

clamshell

10

54.74 (4.40)

-19.80 (1.98)

43.72 (2.50)

48.02 (2.54)

178.85 (0.04)

2.82 (1.06)

3.0-6.0

10

54.02 (4.97)

-19.78 (1.71)

43.78 (1.24)

48.06 (1.29)

178.85 (0.03)

2.70 (1.34)

80-90

10

52.75 (4.10)

-19.59 (1.43)

42.86 (0.93)

47.15 (0.55)

178.86 (0.03)

4.83 (2.69)

>225

10

54.34 (3.85)

-19.26 (1.66)

43.70 (0.78)

47.78 (0.81)

178.84 (0.03)

3.29 (1.43)

clamshell

20

50.47 (8.40)

-17.35 (6.51)

37.16 (13.37)

41.02 (14.84)

178.86 (0.03)

10.66 (15.07)

3.0-6.0

20

52.28 (4.02)

-19.86 (1.55)

42.57 (1.96)

47.00 (1.91)

178.87 (0.03)

2.76 (1.07)

80-90

20

52.80 (4.08)

-19.67 (1.55)

42.77 (2.67)

47.11 (2.49)

178.86 (0.04)

3.17 (1.30)

>225

20

51.70 (5.64)

-17.91 (2.54)

42.12 (2.12)

45.81 (2.55)

178.83 (0.04)

7.16 (5.89)

clamshell

30

45.72 (14.64)

-16.10 (5.97)

37.68 (8.55)

41.05 (10.07)

178.82 (0.07)

15.35 (17.95)

3.0-6.0

30

49.13 (7.14)

-18.02 (2.07)

39.99 (2.68)

43.89 (2.76)

178.85 (0.04)

7.80 (8.56)

80-90

30

50.54 (4.53)

-18.77 (1.77)

41.06 (1.54)

45.19 (1.33)

178.86 (0.04)

4.97 (1.96)

>225

30

54.06 (5.63)

-19.08 (1.90)

43.50 (1.33)

47.53 (1.35)

178.84 (0.04)

2.96 (1.62)

clamshell

40

54.51 (3.77)

-19.54 (1.40)

42.30 (1.86)

46.62 (1.67)

178.86 (0.03)

3.83 (2.04)

3.0-6.0

40

51.95 (-19.52)

-19.51 (1.63)

41.59 (1.47)

45.97 (1.41)

178.87 (0.04)

4.49 (2.15)

80-90

40

52.40 (5.47)

-19.24 (1.75)

42.22 (1.35)

46.43 (1.06)

178.86 (0.04)

4.02 (2.37)

>225

40

49.67 (6.54)

-17.40 (6.23)

38.13 (12.30)

41.93 (13.73)

178.85 (0.04)

10.23 (15.52)

clamshell

50

47.34 (8.72)

-15.35 (2.44)

38.22 (4.10)

41.22 (4.48)

178.81 (0.04)

10.32 (6.34)

3.0-6.0

50

49.08 (8.41)

-15.69 (2.61)

39.74 (4.16)

42.75 (4.53)

178.80 (0.04)

8.55 (4.56)

80-90

50

48.54 (7.78)

-17.08 (1.85)

40.12 (4.03)

43.64 (4.06)

178.83 (0.04)

7.64 (3.31)

>225

50

50.32 (3.64)

-15.86 (3.51)

41.57 (2.22)

44.58 (2.81)

178.79 (0.07)

6.40 (3.59)

clamshell

60

48.26 (9.49)

-15.84 (3.19)

38.3 (6.31)

41.49 (6.83)

178.82 (0.05)

9.73 (9.29)

3.0-6.0

60

50.08 (6.91)

-16.53 (2.83)

40.75 (3.36)

44.02 (3.89)

178.81 (0.04)

7.46 (5.34)

80-90

60

49.64 (3.88)

-17.37 (2.17)

40.93 (1.37)

44.50 (1.80)

178.83 (0.04)

6.26 (1.70)

>225

60

51.37 (6.32)

-14.79 (4.01)

41.64 (2.81)

44.27 (3.82)

178.77 (0.07)

7.40 (4.61)
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There were not significantly changes in the L* values of Finstar lettuce over time
in refrigerated storage. a* values generally increased over time with days 30, 50, and 60
being significantly higher than day 0. b* values generally decreased over time; day 0 b*
values were significantly higher than day 50 b* values but not day 60.
In defining color functions, hue is the color itself i.e., green, yellow, or blue, and
chroma is the intensity of color (Clydesdale and Francis, 1975). Hue for lettuce is
𝑏

calculated as 180 +tan−1( ) (Figure 6). Chroma is calculated as √𝑎2 + 𝑏2 . Both hue and
𝑎

chroma have been found to decrease as percentage loss of chlorophyll increases
(Clydesdale and Francis, 1975). ∆E is the measure of total color difference between day 0
and testing day calculated as √(𝐿1 − 𝐿2)2 + (𝑎1 − 𝑎2)2 + (𝑏1 − 𝑏2)2 where L0, a0,
and b0 are values taken on day 0.
The hue values from the lettuce packaged in the 80-90 OTR bags were
significantly higher than the lettuce packaged in the >225 OTR bags. Days 0, 10, 20, and
40 hue values were significantly higher than days 30, 50, and 60. The hue values for all
four packaging treatments ranged from 178.65-178.91 which puts them in quadrant II
of the Hunter L, a, b System Diagram (Figure 6) slightly above the green hue of 180. All
a* values were negative and all b* values were positive. The hue angle calculation from
the Hunter L, a, b color space must compensate for the quadrant from which the data
appears (McClellan et al., 1995).
There were no significant differences between the chroma, or total color
difference (∆E) of the lettuce packaged in the different treatments. Chroma decreased
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over time in refrigerated storage but not significantly until day 50. ∆E increased over
time; days 0 and 10 were significantly lowest.

Figure 6: The Hunter L, a, b System Diagram Showing only the a-b Plane (McClellan et al., 1995)

Photos of the Finstar lettuce from all three replications of the study can be
found in Appendix 1. The color of the lettuce remained bright green throughout the
duration of the study except for some browning of the outer leaves. No pinking was
detected, this may be because of Finstar’s vibrant green color. To the human eye, the
inside leaves of the heads of Finstar are a slightly lighter green color than the outer leaves
and the bottom part of the leaves is a lighter shade of green compared to the top of the
leaves.
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Shelf-Life Analysis
A panel of nineteen students, alumni, and staff from Clemson University’s
Department of Food Nutrition and Packaging Sciences rated unlabeled photos of days 30,
40, 50, and 60 Finstar lettuce on a 3-point scale with 1=eat as is, 2=trim then eat or
3=discard. The pictures viewed are in Appendix 1. Table 3 shows the means and standard
deviations of the ratings. Figure A-4.1 shows the shelf-life rating distributions of the
packaging treatments per testing day.
Table 3: Mean shelf-life ratings and standard deviations of Finstar lettuce. The OTR are in units of
cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=30

Treatment

Day

clamshell
clamshell
clamshell
clamshell
3.0-6.0OTR
3.0-6.0OTR
3.0-6.0OTR
3.0-6.0OTR
80-90 OTR
80-90 OTR
80-90 OTR
80-90 OTR
>225 OTR
>225 OTR
>225 OTR
>225 OTR

30
40
50
60
30
40
50
60
30
40
50
60
30
40
50
60

Rating
1.63 (0.86)
1.11 (0.31)
2.12 (0.73)
2.05 (0.81)
1.67 (0.66)
1.14 (0.35)
2.09 (0.64)
2.02 (0.77)
1.25 (0.43)
1.32 (0.51)
1.70 (0.71)
1.93 (0.65)
1.67 (0.83)
1.23 (0.42)
2.28 (0.86)
2.51 (0.60)

The shelf-life ratings of the 80-90 OTR packaged lettuce were significantly lower
than the shelf-life ratings of lettuce packaged in all the other treatments while shelf-life
ratings of the >225 OTR packaged lettuce were significantly higher than the lettuce
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packaged in all the other packaging treatments. (Table 3). It is likely hue values
influenced the ratings since lettuce packaged in 80-90 OTR bags had significantly higher
hue values than lettuce packaged in >225 OTR bags. Day 50 and 60 ratings were
significantly higher than day 30 and day 40 ratings which shows the shelf life of
aquaponically-grown heads of Finstar lettuce in this study was mostly between 40 and 50
days. Mean day 40 ratings were significantly lower than mean day 30 ratings. This is
likely due to the pictures being from different packages i.e., the same head of lettuce was
not photographed on more than one testing day.
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CONCLUSIONS

Oxygen headspace percentages of the clamshell packages were significantly
higher than the film packaging treatments. The oxygen headspace percentages of the
>225 OTR packages were significantly higher than the 3.0-6.0 OTR and 80-90 OTR
packages. Both the 3.0-6.0 OTR and 80-90 OTR packages had decreasing oxygen and
increasing carbon dioxide percentages while the clamshell and >255 OTR packages had
very small percentages of carbon dioxide throughout the study. The carbon dioxide
headspace percentages of the 3.0-6.0 OTR packages were significantly higher than all
other packaging treatments. The carbon dioxide percentages of the 80-90 OTR packages
were significantly higher than the clamshell and >225 packages. The pH values of the
clamshell packaged lettuce were significantly lower than 3.0-6.0 OTR and 80-90 OTR
but not the >225 OTR packaged lettuce. Packages with lower carbon dioxide headspace
percentages and higher oxygen headspace percentages had lower pH values. The percent
weight loss of the clamshell packaged lettuce was significantly higher than the other
treatments while the percent weight loss of the 3.0-6.0 OTR packaged lettuce was
significantly lower than the other treatments. On a 3-point scale with 1=eat as is, 2=trim
then eat or 3=discard, the shelf-life ratings of the 80-90 OTR packaged lettuce were
significantly lower than the shelf-life ratings of lettuce packaged in all the other
treatments while shelf-life ratings of the >225 OTR packaged lettuce were significantly
higher than the lettuce packaged in all the other packaging treatments. The hue values
from the lettuce packaged in the 80-90 OTR bags were significantly higher than the
lettuce packaged in the >225 OTR bags. Packaging treatments with higher percentages of
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CO2 and lower percentages of O2 had lower ratings, lower percentage weight loss, and
higher hue angles.
Even with the headspace compositions of the packages varying so widely, there
were no significant differences of colony forming units (CFU), logCFU, L*, a*, or b*
color parameters. Finstar lettuce proved to maintain a long shelf life in all four packages
regardless of oxygen transmission rate.
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Appendix 1
Finstar lettuce pictures

Figure A-1.1: Finstar lettuce on day 0

Figure A-1.5: Replication 1, day 20 Finstar lettuce
from clamshell package

Figure A-1.2: Finstar lettuce on day 0
Figure A-1.6: Replication 1, day 30 Finstar lettuce
from clamshell package

Figure A-1.3: Finstar lettuce on day 0

Figure A-1.4: Replication 1, day 10 Finstar lettuce
from clamshell package

Figure A-1.7: Replication 1, day 40 Finstar lettuce
clamshell package

Figure A- 1.8: Replication 1, day 50 Finstar lettuce
from clamshell package

40

Figure A-1.9: Replication 1, day 60 Finstar lettuce
from clamshell package

Figure A-1.10: Replication1, day 10 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.14: Replication 1, day 50 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.15: Replication 1, day 60 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.16: Replication 1, day 10 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
Figure A-1.11: Replication 1, day 20 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.17: Replication 1, day 20 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
Figure A-1.12: Replication 1, day 30 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.18: Replication 1, day 30 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.13: Replication 1, day 40 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
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Figure A-1.19: Replication 1, day 40 Finstar lettuce Figure A-1.24: Replication 1, day 30 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.20: Replication 1, day 50 Finstar lettuce Figure A-1.25: Replication 1, day 40 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.21 Replication 1, day 60 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.26: Replication 1, day 50 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.22: Replication 1, day 10 Finstar lettuce Figure A-1.27: Replication 1, day 60 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.23: Replication 1, day 20 Finstar lettuce Figure A-1.28: Replication 2, day 10 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
from clamshell package
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Figure A-1.29: Replication 2, day 20 Finstar lettuce Figure A-1.34: Replication 2, day 10 Finstar lettuce
from clamshell package
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.30: Replication 2, day 30 Finstar lettuce Figure A-1.35: Replication 2, day 20 Finstar lettuce
from clamshell package
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.31: Replication 2, day 40 Finstar lettuce Figure A-1.36: Replication 2, day 30 Finstar lettuce
from clamshell package
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.32: Replication 2, day 50 Finstar lettuce Figure A-1.37: Replication 2, day 40 Finstar lettuce
from clamshell package
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.33: Replication 2, day 60 Finstar lettuce Figure A-1.38: Replication 2, day 50 Finstar lettuce
from clamshell package
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
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Figure A-1.39: Replication 2, day 60 Finstar lettuce Figure A-1.44: Replication 2, day 50 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
from 80-90 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.40: Replication 2, day 10 Finstar lettuce Figure A-1.45: Replication 2, day 60 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
from 80-90 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.41: Replication 2, day 20 Finstar lettuce Figure A-1.46: Replication 2, day 10 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.42: Replication 2, day 30 Finstar lettuce Figure A-1.47: Replication 2, day 20 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.43: Replication 2, day 40 Finstar lettuce
from 80-90 cc/(m2/24 hr/1 atm) OTR package
Figure A-1.48: Replication 2, day 30 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
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Figure A-1.49: Replication 2, day 40 Finstar lettuce Figure A-1.54: Replication 3, day 30 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
from clamshell package

Figure A-1.50: Replication 2, day 50 Finstar lettuce Figure A-1.55: Replication 3, day 40 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
from clamshell package

Figure A-1.51: Replication 2, day 60 Finstar lettuce Figure A-1.56: Replication 3, day 50 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
from clamshell package

Figure A-1.52: Replication 3, day 10 Finstar lettuce Figure A-1.57: Replication 3, day 60 Finstar lettuce
from clamshell package
from clamshell package

Figure A-1.53: Replication 3, day 20 Finstar lettuce Figure A-1.58: Replication 3, day 10 Finstar lettuce
from clamshell package
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
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Figure A-1.59: Replication 3, day 20 Finstar lettuce Figure A-1.64: Replication 3, day 10 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
from 80-90cc/(m2/24 hr/1 atm) OTR package

Figure A-1.60: Replication 3, day 30 Finstar lettuce Figure A-1.65: Replication 3, day 20 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
from 80-90cc/(m2/24 hr/1 atm) OTR package

Figure A-1.61: Replication 3, day 40 Finstar lettuce Figure A-1.66: Replication 3, day 30 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
from 80-90cc/(m2/24 hr/1 atm) OTR package

Figure A-1.62: Replication 3, day 50 Finstar lettuce Figure A-1.67: Replication 3, day 40 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
from 80-90cc/(m2/24 hr/1 atm) OTR package

Figure A-1.63: Replication 3, day 60 Finstar lettuce Figure A-1.68: Replication 3, day 50 Finstar lettuce
from 3.0-6.0 cc/(m2/24 hr/1 atm) OTR package
from 80-90cc/(m2/24 hr/1 atm) OTR package
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Figure A-1.69: Replication 3, day 60 Finstar lettuce Figure A-1.74: Replication 3, day 50 Finstar lettuce
from 80-90cc/(m2/24 hr/1 atm) OTR package
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.70: Replication 3, day 10 Finstar lettuce Figure A-1.75: Replication 3, day 60 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.71: Replication 3, day 20 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.72: Replication 3, day 30 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package

Figure A-1.73: Replication 3, day 40 Finstar lettuce
from >225 cc/(m2/24 hr/1 atm) OTR package
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Appendix 2
Mean oxygen and carbon dioxide percentages of empty packages over storage time
Table A-2.1: Mean oxygen and carbon dioxide percentages and standard deviations of empty packages over
storage time (days) with standard deviations. The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0%
RH. n=3
treatment
day
O2
CO2
clamshell

0

22.47 (1.18)

0 (0)

3.0-6.0

0

22.07 (1.79)

0 (0)

80-90

0

22.47 (1.36)

0 (0)

>225

0

22.50 (1.39)

0 (0)

clamshell

10

23.47 (0.47)

0 (0)

3.0-6.0

10

23.47 (0.47)

0 (0)

80-90

10

23.47 (0.47)

0 (0)

>225

10

23.47 (0.47)

0 (0)

clamshell

20

23.97 (1.06)

0 (0)

3.0-6.0

20

23.87 (0.81)

0 (0)

80-90

20

23.77 (0.81)

0 (0)

>225

20

23.80 (0.69

0 (0)

clamshell

30

23.20 (0.20)

0 (0)

3.0-6.0

30

23.30 (0.10)

0 (0)

80-90

30

23.33 (0.12)

0 (0)

>225

30

23.33 (0.11)

0 (0)

clamshell

40

23.67 (0.25)

0.2 (017)

3.0-6.0

40

23.67 (0.15)

0.10 (0.17)

80-90

40

23.63 (0.15)

0.2 (0.17)

>225

40

23.60 (0.20)

0.23 (0.21)

clamshell

50

21.70 (1.38)

0 (0)

3.0-6.0

50

21.77 (1.25)

0 (0)

80-90

50

21.80 (1.31)

0 (0)

>225

50

21.73 (1.19)

0 (0)

clamshell

60

22.77 (1.06)

0 (0)

3.0-6.0

60

22.77 (1.12)

0 (0)

80-90

60

22.7 (1.15)

0 (0)

>225

60

22.7 (1.15)

0 (0)
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Appendix 3
Mean CFU/g and log CFU/g over storage time
Table A-3.1: Mean colony forming units (CFU) per gram of lettuce over storage time (days) with standard
deviations. The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=6
treatment
day
CFU/g
log CFU/g
clamshell

0

3.0-6.0

0

80-90

0

>225

0

clamshell

10

3.0-6.0

10

80-90

10

>225

10

clamshell

20

3.0-6.0

20

80-90

20

>225

20

clamshell

30

3.0-6.0

30

80-90

30

>225

30

clamshell

40

3.0-6.0

40

80-90

40

>225

40

clamshell

50

3.0-6.0

50

80-90

50

>225

50

clamshell

60

3.0-6.0

60

80-90

60

>225

60

406.5 (286.61)
406.5 (286.61)
406.5 (286.61)
406.5 (286.61)
3505.5 (537.31)
9090 (8979.96)
232.5 (331.09)
192 (154.91)
178.5 (162.14)
294 (234.60)
168 (97.54)
607.5 (226.02)
2350.5 (3201.99)
8814 (13188.81)
12795 (18689.08)
426 (602.47)
399 (398.64)
490.5 (450.60)
58.5 (25.93)
8134.5 (7480.55)
138168 (216370.93)
1492.5 (1419.11)
3358.5 (4950.55)
23076 (35785)
23179.5 (36013.89)
201 (205.76)
4102.5 (4912.07)
3283.5 (4138.17)
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2.39 (0.58)
2.39 (0.58)
2.39 (0.58)
2.39 (0.58)
2.65 (1.07)
3.58 (0.78)
2.09 (0.51)
2.13 (0.44)
2.05 (0.50)
2.34 (0.37)
2.16 (0.27)
2.75 (0.19)
2.86 (0.79)
3.10 (1.03)
3.24 (1.15)
2.10 (0.77)
2.36 (0.55)
2.38 (0.72)
1.73 (0.21)
3.35 (1.10)
3.47 (1.67)
2.81 (0.79)
2.59 (1.24)
2.68 (1.92)
2.93 (1.51)
2.12 (0.44)
3.04 (0.99)
3.14 (0.74)

Appendix 4
Shelf-life rating distributions
Figure A-4.1: Shelf-life rating distributions of packaging treatments per testing day (1=eat as is, 2=trim
then eat or 3=discard). The OTR are in units of cc/(m2/24 hr/1 atm) @40○F/5○C; 0% RH. n=30
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